General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizationai source. It is being reieased in the interest of making avaiiabie as 
much information as possibie. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA Tf^udcal Memoiciiiliifii M96 


> <iilSJl-IH-£6S96) £Xf8EIHj£liIS IK DILUTICK J£T H85>2^266 

Bim'G B!I£C1S CS HOIllElE FOfcS AKD 
kCM-CIfiCUIi£ CBIfICbS (KASi) 16 p 

BC Aii2/Ht 101 CSCI 21B Dncla£ 

G3/07 21176 


E}q>eriments in Dilution Jet Mixing 
Effects of Multiple Rows and 
Non-Circular Orifices 


J.0. Hokkmaii 
Lewis Research Center 
Cleveland, Ohio 

and 


R, Srinivasan, E.B. Coleman, G.D. Meyers, ^ 

and C.D. Wldte i 

Garrett Turbine Engine Company 
Phoenix, Arizona 


Prepared for the 

Twenty>first Joint Propulsion Confermce 
cosponsored by the AlAA, SAE, and ASME 
Monterey, California, July 8-10, 1985 



\ 


fVIASA 


EXPERIMENTS IM DILUTION JET MIXING 
Effvrtm of Mu.ltipl* Romk and Non-Cirrular OrlficM 


by J.D. Holdaaan'* 

rtASA Lawia RsMarch Cantar 
Cl aval and, Ohio 

and 


R. Srinivaman"*, E.B. Colaaan'', B.D. Mayara— {■ C.O. Mhita<-+ 


□arrntt Turbina Engina Coapany 
PhoaniK, Arizona 


fltobtract 

This papar prasants axpai iaantal ar<d 
aapirical aodal rasults that aKtand 
praviuus studias of tha aixing of 
tingla— sidc?d and opposad rows of Jats in a 
confinar* duct flow to includa affacts of 
non-circular orificas and doubla rows of 
jats. Analyj's of tha aaan taa, sratura data 
oht£.inad in this invastl»;*tion shnwad that 
tha affacts of orifica shapa and doubla 
rows ara significant only in tha ragion 
closa to tha injaction plana, providad that 
tha orificas art. syaoatric with raspact to 
tha ajin flow diraction. Tha panatration 
«nd aixing of Jats froa 47-dagraa slantad 
slots is slightly lass than that froa 
aqui valant-araa syaaatric orific.-s. Tha 
pan./tration froa 2-di aansJ onal slots is 
siailar to that froa aqui val ant-araa 
closal y-spacad rows of holas, but tha 
aixing is slowar for tha 2-D slots. 
Calculated aaan taaparatura profiles 
downstraaa of jats froa non— circular and 
doubla rows of orificas, aada using an 
axtansion davalopad for a praviuus 
antpirical aodal , ara shown to ba in good 
agreaaant with tha aaasurad distributions. 
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~ spacing be.Kaan irifica cartars 
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“ taaparatura 
= jet exit taaparatura 
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» (Ta-T)/(Ta-Tj) 

» valocity 

» aainstraaa valocity 
“ jet velocity 
“ jat-to-total aass 
flow ratio 
“ 2-D slot width 
= downstraaa coordinata 
= O at orifica canter for single row 

• O aidway between doubla rows 

•= cross-straaa (radial) coordinate 
O at top wal 1 

“ lateral (circuaf arenti al ) 
coordi nata 

• O at centarplana 


Introduction 

Considerations of dilution zone aixing in 
gas turbine co.fbustors have aotivatad 
several studies of aultiple jats in a 
confined crossflow to identify tha dominant 
flow and geometric parameters governing the 
aixing, and to support aul ti -diaansi onal 
numerical modeling of constituent flows in 
coflibustion chambers. For example, tha 
studias reported in Refs. 1 to 5 
investigated the aixing charactaristi cs of 
a single row of jats injected normally into 
an isothermal flow of a different 
taaparatura In a constant area duct. Recant 
axprriaants reported in Refs. 6 to 8 
extended tha previous studias to 
investigate tha role of several flow and 
gaoaatric variations typical of gas turbine 
':oabustion c . ambers, namely variable 


t*<iip*ratur« ■•instrvaa, floM ar«« 
conv»rg«nc», and oppoaad ir-lin* and 
staqgarad Injactlon. 

Hany gas turbina coabustora in currant 
oparation us* aultipla (axially staged^ 
ro%«s of dilution jata, and soaa of thM um 
orifica shapas othar than circular hnlas. 
This study mss undartakan to analyza tha 
nixing of jats froai thasa conf igurations 
vis-a-vis that frca aqually spacad circular 
orifi^as, to axtarid an axisting aaiplrical 
nodal to includa tha affacts of 
non-circular orificas and doubla roMs, and 
to i -raasa tha aval labia dilution jat data 
in sc, jort of aul t i -di aansi onal nuaarical 
•cxdel i ng . 


Expariaantal Considarations 

Figura 1 shoMS a floM schamatic of tha 
dilution jat tast rig and tha orifica 
configurations usad in this study. 
Mainstream air Mas haatad to approx i aatal y 
bSOSC. Anbiant taaparatura dilution air 
antarad tha tast section thrrxigh 
sharp-adgad orifices in tha top duct Mali 
of the test section. Tha orifica plate 
plenum had tha capability to supply 
indapandantly controlled air floM to each 
roM of Jats. Tha orifica air supply and tha 
nain air supply have perforated plates to 
ensure uniform floM distribution. Tha ratio 
of tha orifice plate open area to tha 
nainstraam cross sectional area, Aj/Au, Mas 
.098 for all orifica conf igurations 
cofisi dared, except for the squara nolas and 
narroM slot plates for Mhich Aj/Am».0^9. 

The height of tha tast section. Ho, Mas 
10.16 cm for all tests. 

The primary independent geometric variables 
for eajh roM of holes are tha spacing 
betMaen adjacent orificas, S, and tha 
orifice diaaiatar, Dt for non-circular 
orifices the Irt-tar is taken as tha 
diameter of a circle of equal area. Tha 
discrete slot orifices investigated had 
semi-circular ends, and an aspect ratio 
(longishort) of 2.8:1. The orifica spacing 
and equivalent diameter are expressed in 
dimensionless form as the ratio of tha 
orifice spacing to duct height, 8/Ho, and 
the ratio of tha duct height to orifice 
Jiamater, Ho/D. Tha spacing batuean roMS, 
Sx/Ho, Mas .5 or .25 for tha doubla-roM 
plates tested. 

Test conditions ware established Mith the 
density ratio, DR, and tha 
j f t— to-mai nstr earn momentum flux ratio, 
J“<DR)(R)^ as the primary 

independent f 1 om variables. For all tests 
in this phase of tha study, tha density 
ratio MSS approximately equal to 2.2, and 
the momentum flux ratio varied from 
approx 1 matel y 6 to 106. 

The dilution jet mixing character i sti cs 
Mere deta«'mi nad by measuring temperature 
and pressure distributions Mith a vertical 
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rake probe, positioned at diffarant axial 
and lateral stations. This probe had 20 
tharmcxTOupl a el am e nts, Mith a 20— element 
total pressure rake, and a 20— el ament 
static pressure rake located nominally S am 
(.05 Ho) on each side of tha thermocouple 
rake. Tue center -to-centar spacing bet u een 
sensors on each rake Mas also .05 Ho. 

This probe Mas traversed over a matrix of 
from 44 to 64 Z-X plane survey locations. 
The floM field mapping in the Z-direction 
Mas done over a distance equal to one or 
(3ne and a half times the hole spacing, S, 
at intervals of 8/10. Measuremonts in the 
X-di recti on Mere made at up to 5 planes 
Mith 0.25 < X/Ho < 2. For 

double-roM c»if 1 gar ati ons, X=0 Mas taken to 
ae midMay hetmeen the tMO roMS. 


Results and Discussio ri 

The measured gas temperature distributions 
are presented in non-dimensional form as: 

THETA = (Tm - T 

(Tm - TJ> 

Mhere To • nainstreaa temperature, Tj • Jet 
temperature, and T “ local temperature, 
rfote that THETA = 1 if the local 
temperature is equal to the jet 
temperature, and THETA «= O if the local 
temperature is equal to the mainstream 
temperature. The equilibrium THETA for any 
configuration is equal to the fraction of 
the total floM entering through the 
dilution jets. 

The temperature field results are presented 
in three-dimensional oblique views and 
isotherm contours of the temperature 
difference rwtio, THETA. In these plots the 
temperature distribution is shown in planes 
normal to the main flow direction. The 
coordinates Y and Z are, respectively, 
normal to and alor.g the orifice row in this 
constant-X plane. 

The following paragraphs and the plots in 
Figs. 2 to 7 present the experimental 
results for single-side injection tests 
with non-circular orifices and double rows 
nf holes. In addition, the empirical model 
of Ref. 7 has been extianded to include 
these cases, and comparisons are shown 
between the model predictions and 
experimental data in Figs. 8 to 10. A 
summary of the test conditions 
corresponding to the data shown is provided 
in table I. 


Slots and Hole s 

Figure 2 shows 3-D oblique THETA 
distributions for equally spaced circular 
holes and equi val ent-area streamlined, 
bluff, and slanted slots with S/Ho^.S, 
Ha/Dx4 at intermediate momentum flux 
ratios. 

ORIGffiAL P. . 
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Th» «tr««Mlin»d mlot« (part b) hava daapar 
Jat panatration for X/Ho<l coaparad to tha 
circular hoi as (part a). Part c) ahoMS that 
for X/Ho<l, Jata froa bluff alots ara aora 
2-diaansional across tha oriflca 
cantarplana, and thair panatration is 
slightly lass, than for circular holas and 
straaalinad slots. Farthar dOMnstraaa both 
of tha slot configurations and tha circular 
holas produca vary siailar coaplataly aixad 
taaparatura distributions. 

Figure 2d) shows tha rasultant tasiparature 
distribution whan tha saaa slot is slantad 
at 4S dagracs to tha aain flow direction. 
There does not appear to be any advantage 
in this configuration coa^iarad to tha 
circular holas, or straaalinad or bluff 
sluts, in fact the panatration and aixing 
are noticeably lass. Tha 3-D figures 
suggest that the asyaaatry of tha orifices 
with respect to tha sain flow direction 
promotes the devel opaant of one vortex of 
the pair, and suppresses the other. 

Further insight into the aixing in this 
case is provided by tha isothara contours 
in Fig. 3a> for circular holes, and in Fig. 
3b) for the 4?-dagrae slantad slots. In tha 
latter case the contours within the Jet 
region are slanted at app'~ox i aatel y 45 
degrees compared to those for jets from 
circular holas. Tha influence of tha 
adjacent iaage visrticies in chis situation 
would be to shift the jat canterplanes with 
increasing downstraaa distance, as is 
observed at X/Ho • .5 and 1 in both Figs. 
2d) and 3b). Comparing the contours at 
X/Ho=.5 to those at X/Ho^.2S suggests that 
the distribution has rotated further as 
well as shifted, which would follow if the 
upper vortex (which originated from the 
trailing edge of the orifice) were stronger 
than the lower one. This also supports the 
observation aade previously from the 
oblique plots that the vorticies appear to 
be of unequal strength. 

In this study a single test was parformed 
with the conventional circular holes 
replaced with squares, to determina the 
effect of th) s change in boundary 
conditions on the profiles. The square 
orifice was chosen to represent the 
limiting approximation often made in 
nul f. 1 -di mensi onal numerical modeling due to 
limitations on the number of grid nodes 
available. Figure 4 compares 3-D oblique 
temperature distributions for 
equivalent-area square and circular holes 
with S/Ho“l ana Ho^D=4 at intermediate 
momentum flux ratios. The mean temperature 
field for these configurations is nearly 
identical at all downstream distances. 

A limited number of tes’.s were parforsted 
with 2-di (amsi onal slots in place of the 
discrete jets primarily for comparison with 
the temperature distributions measured 
downstream of closely spaced (2/D«2) holes. 
Figures 5a) and 6a) show the reiults 


respectively for a wide 2-D slot 
> A j /Am*: . 098 ) „t a low momentum flux ratio, 
and a narro: ter 2-D slot (AJ /Am-. 049) at a 
high momantua flux ratio. Distributions for 
cl osal y-spacad (B/D— 2) circular holes with 
equal area and similar moaiantua flux ratios 
ara shown in part b) of each figure, and 
cantarplana profiles for the circular jat 
case and tha slot profile are shown in part 
c ) . 

The similarity in the penetration shown by 
these profiles is surprising since tha 
two-dimensional slot flow completely blocks 
the mainstream on the injection side of the 
duct, whereas the discrete jet flow is 
highly thr ea-di mensi onal in that the 
mainstream flow is deflected around as wall 
as over the jets, creating the well known 
vortex pair and ki dnay— shaped mixing 
pattern. Tha increased blockage in the 
slot-jet cases results in Lass mixing, «nd 
the temperature difference ratios in tha 
wake region of these flows are 
significantly higher than in the wake of 
the jets from circular holes. 

Experimental profiles for the narrcsw slot 
at an intermediate momentum flux 
ratio'' are sim; lar to those shown 
in Fig. 5a) for the wide slot at a low 
reome'itum flux ratio, and prof i lei' for the 
wide slot at an intermediate momeitum flux 
ratio'' are similar to those shown 
in Fig. 6a) for the narrow slot ac a high 
fiomentuii flux ratio. The corrrspondi ng 
circular hole cases are similar also, as 
would be expected since the values of 
C«(S/Ho) (SSRT(J) ) are similar, but 
the similarity of the correspondi ng 2-D 
slot profiles was not ei.pected. 


Double Rows of Holes 

Figure 7 shows 3-D oblique and isotherm 
contour plots at intermediate momentum flux 
ratios and X/Ho=.5 for jets from a single 
row of equally spaced circular orifices and 
jets from equi val ent-area double rows of 
circular orifices. The single row is shown 
in part a); two in-line rows of jets with 
S>/Ho=.5 and S/Ho=.5, Ho/D = 5.7 in each 
row are shown in part b)t two rows of jets 
with Sx/Ho=.25 and S/Ho=.5, Ho/D=5. 7 in the 
lead row and S/Ho=.25, Ho/D=8 in the 
trailing row are shown in part c); and a 
staggered double-row with Sx/Ho=.5 and 
S/Ho=l, Ho/D>4 in eacti row is shown in part 
d) . For the double row conf i gur at i ons 
>:/Ho=0 was trken to be midway between the 
rows. 

The temperature distributions for the 
double in-line rows are strikingly similar 
to that for the singlx row, as was also 
seen in Ref. 1. The douule row of disimilar 
holes gives a similar distribution also, 
showing the dominance of the lead row in 
establishing the jet penetration and 
first-order profile shape. 
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Th* in-flu«nc« oi th« iMding rom on th* 
ta«p»ratur« fi«ld is svidsnl In Fig. 7d> 
also, Mhsrs ths distribution fros s doubls 
roM of staggsrsd Jsts st an intsrssdiats 
nomsntua flux ratio is shovm for cosparison 
Mith ths othsr configurations. Ths Jsts 
fros ths Isading roM cl sari y psnstrats 
farthsr a. ross ths duct than do thoss fros 
ths singls ro*«, as ««ould bs sxpsctsd dus to 
ths largsr spacing <cf. Rsfs. 2, 5, !■ B). 
Ths psnstration of ths jsts in ths trailing 
roM is suprssssd, prssusably by ths vortsx 
fisld of ths Isad roM. Farthsr dotsistrsas 
ths tsspsraturs fislds from ths doubls-roM 
of staggsrsd Jsts ars siailar to thoss from 
ths singls roM and ths othsr doubls roM 
configurations. 


Swpirical Mods! Rssults 

An smpirical modsl for ths msan tsaipsraturs 
field doMnstrsam of a roM of Jsts .n a 
confined crossfloM is given in Rsfs. 3 and 
4, which is bassd on ths obssrvaticn that 
propsrly non- di asnsi onal i zsd vertical 
temper aturs distributions svsryMhsrs in ths 
flowfield can bs expressed as self— siailar 
Gaussian profiles. This model requires ths 
empirical correlation of six scaling 
parameters in terms of ths i ndspendsnt flow 
and gsomstric variables. An i^itsractivs 
ni crocomputsr program f Apple DOS 3.3) bassd 
on this mcxisl was used in Ref. S to study 
ths sffsctc of separately varying ths 
primary flow and gsomstric variables, and 
to identify ths relationships among them 
which characterize the sixinq. 

Ths model of Refs. 3 and 4 was extended in 
Refs. & and 7 to include the capability to 
model the effects o< flow area convergence, 
non-i sothermal mainstream, and opposed 
in-line and staggered Jet injection. 
Selected profiles calculated with this 
model are compared with the exper i mental 
data in Ref. 9. 

As shown in Hefs. 4 and 9, empirical 
correlatioii of experimental data can 
provide a very good predictive capability 
within the parameter range o* the 
generating experiments, but must be used 
with caution outside this range. To 
increase its range of applicability, the 
empirical model of Ref. 7 has been extended 
tc nclude the effects of the non— circular 
and multiple-row orifice cor f i gurat i ons 
si'nwn in the previous figures. 

Comparisons of three-dimensional 
temperature profiles between ths oata and 
empirical model calculations for the 
4ti-dsgree slanted slots and double- rows of 
jets are shown in Figs. B to lO. The 
modifications to the empirical model have 
resulted in calculated profiles that are in 
good agreement with the data, with the 
exception that the vortex-pair rotation 
apparent in Fig. 3 for the s.. anted slots 
configuration is not nodal ed (Fig. B) , and 
the effect of the row of smaller 


trailing jets in the disimilar double-row 
configuration is axsrs evident in ths data 
than in the aagairical profiles (Fig. 10). 

Ths sa^jirical profiles shown were obtained 
by aradsling the csritsrplans shift for ths 
slanted sluts as a function of momwntum 
flux ratio and distance, and by 
s jpsrimposing separata calculations for the 
two rows in doubls row configurations. 
Further details of ths extended model are 
given in Ref. 10. 


Summary of Rssults 

From analyses of the experimental data and 
empirical profiles for one -side injection 
through nor.-circul ar and double rows of 
orifices, it was concluded that: 

1) For orifices that are symmetric with 
respect to the main flow direction, the 
effects of shape are significant only in 
the region close to the injection plane 
(T/Hofl). Farther downstream the 
temperature distributions are similar to 
those from equally-spaced, equi valsKit-area 
circular orifices. 

2) The penetration and mixing of 45— degree 
slanted slots are less than for streamlined 
or bluff slots or equivalent-area circular 
hoi es. 

3) Jet penetration for 2-dimensional slots 
is siailar to the centerplane value for 
closely-spaced (S/D»2) , equi val ent— area 
holes, but the temperature difference 
ratios, particularly in the wake region. 
Indicate that the mixing is slower in the 
2-D slot cases. 

4) At the same momentum flux ratio, and 
with the same S/Ho in (at least) the lead 
row, double rows of Jets have temperature 
distributions similar to those from a 
single row of equal 1 y-sp reed, 

equi valent-area circular orifices. 

5 ) The temperature field for 45-degree 
slanted slots and axially staged rows of 
jets can be obtained respectively, with 
first-order accuracy, by shifting the jet 
centerplanes and by suoer i mposi ng the 
temperature di str ibuti jns due to each 
indivi'’ual row of Jets. 
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Tabla 1. FIom znd (seoaatry C:>nditionB 




F i giir a 

Conf i gur<. t i on 

S/Ho 

Ho/D 

Aj /Am 

Cd 

DR 

J 

TB- 

c- 

2a, 3a, 7a 

A: 

round hoi as 

.3 

4. 

. 10 

.76 

2.2 

26.2 

.36 

2.56 

2b 

b: 

straamlinad slots 

.5 

4. 

.10 

.71 

2.2 

26.5 

.34 

2.57 

2c 

C: 

bluff slots 

.5 

4. 

. 10 

.90 

2.2 

26.6 

.40 

2.58 

2d , 30 , 8 

d: 

si antad slots 

.5 

4. 

. 10 

.66 

2.2 

27. 1 

.33 

2.60 

4a 

E: 

round holes 

1.0 

4. 

.05 

.67 

2.2 

23.5 

- 19 

4.85 

4b 

f: 

square holes 

1.0 

4. 

.05 

.67 

2. 1 

24.2 

. 19 

4.92 

Sa 

g: 

Mide 2-D slot 

— 

9.9- 

- . 10 

.76 

2. 1 

6.7 

.22 

— 

Sb 

a: 

round holes 

.5 

4. 

. 10 

.67 

2. 1 

5.0 

. 18 

1-19 

6a 

h: 

narrow 2-D slot 

— 

19.8- 

- .05 

.72 

2.3 

105.4 

.35 

— 

6b 

l: 

round holes 

.25 

8. 

.05 

.61 

2.3 

92.6 

.30 

2.60 

7b, 9 

j: 

double row 

.5 

5.7 

.05 

.65 

2.2 

26.3 

.33 

2.56 



1 n-1 i ne 

.5 

5.7 

.05 

.65 

2.2 

26.9 


2.59 

r. 

o 

k: 

double row 

.5 

5.7 

.05 

.69 

2.2 

26.8 

.34 

2.59 



di si mi ar 

.25 

8. 

.05 

.70 

2.2 

26.6 


1.29 

7d 

l: 

double row 

1.0 

4. 

.05 

.65 

2.2 

26.8 

.33 

5. 18 



staggered 

1.0 

4. 

.05 

.68 

2.2 

26.7 


5. 18 
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(b) Orifice configurations. 

Figure 1. - Schematic of test rig and orifice plates. 






(d) 43-deg slots, J-27.1. 

Figure 2. - Comparison of 3-D oblique temperature distributions for circular holes, and 
equivalent-area streamlined, bluff, and slanted slots at intermediate momentum flux- 
ratios; S/riQ-0.5, Ho/D-4 
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(a) Circular holes, J ■ 26.Z 


TRANSVERSE DIST., ZiS 
(b) 45-deg slots, J ■ 27. 1. 

Figure 3. - Comparisons af isotherm contours for circular holes and 45-deg slanted slots at Inter 
mediate momentum flux ratios; S/Hq ■ >.5, Hq/D • 4 
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(a) Square holes, J ■ 26. 1. 
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(b) Round holes, J • 26.7. 

Figure 4 - Comparison of temperature distributions downstream square and round 
holes: S/Ha-O.!, HoID-4 
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(c) Centerplane profiles. 

Figure b. - Comparison of temperature distributions for a wide 2-D slot and closely-spaced 
holes at low momentum flux ratios. 
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(b) Holes; S/Hq • 0.25. Hq/D • 
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(c) Centerpicne profiles. 


Figure 6. - Comparison of temperature distributions for a narrow 2-D slot and closely 
spaced holes at high momentum flux ratios. 
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(a) Single row-, 5 /Hq ■ aS, Hp/D • 4, J • 26. 2 









(6i Douoie row of in-line holes; Hctm 1-. S/Hq • 0.5. Hq/D • 
5. 7. J • 26.3. Row 2: S/rig - 0.5 H^/D ■ p. 7, J • 26.9. 
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(ci Double row of disimilar holes; Row 1 : S/Hq ’ 0. 5, Hq/D 
5. 7. J • 26. a Row 2. S/Hg ■ 0. 25. Hg/D ■ 8. J • 2a t 


Id) Double row of staggered holes; Row 1 ; S/Hg • l, Hg/D • 
4. J ■ 26. a Row 2; S/Hg ■ 1. Hg/D • 4. J • it. a’ 

Figure 7. - Comparison of lemperature distributions for 
double and single tows of jets at X / Ho • 0. 5 and inter- 
mediate momentum flux ratios; Aj/Am-d. 098. 
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(b) Empirical model. 

Figure 8. - Comparison of measureo end calculated 3-D .Clique temperature distributions for 45-dey slanted slots at 
an intermediate momentum flux ratio; J ■ 27. 1, S/Hq • a 5, Hq' D • 4. 
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